Ferrimagnetic Fe-oxides are important soil components, which are present in most of the agricultural soils of Brazil. Distinction, origin, and assessment of the influence of these minerals on magnetism and geochemistry is a challenge for mineralogists. This study aimed to characterize mineralogically Fe-rich Rhodic Oxisols (Latossolos Vermelhos) originating from several mafic rocks in Brazil, and assess the implications on their magnetic and geochemical properties. We present results on magnetic measurements, chemical dissolutions, X-ray diffractometry, Rietveld refinement, Raman, and Mössbauer spectroscopies of Fe-rich Rhodic Oxisols originating from several mafic rocks. They show that magnetite is inherited from the parent material, and its oxidation leads to the formation of maghemite. In the coarse fractions (sand and silt), magnetite and maghemite coexist and are interstratified with hematite, confirmed by Raman spectroscopy. This limited the distinction between magnetite and maghemite by Mössbauer spectroscopy. Maghemite represents the only ferrimagnetic Fe oxide in the clay fraction. The influence of both ferrimagnetic minerals, magnetite and maghemite, on magnetic susceptibility and total content of trace elements is determined by the pedogenic development, even among highly weathered soils. In general, the coarse fractions contribute with most of the total trace element contents, while the clay fraction contributes to trace elements availability and magnetic susceptibility of soils.
INTRODUCTION
Iron-rich Rhodic Oxisols (Latossolos Vermelhos) are of great interest worldwide due to their potential for agricultural use with technological management. In Brazil, these soils occur mainly in the central-western, southeastern, and southern regions and are generally derived from mafic rocks, such as basalt, gabbro, diabase, tuffite, and itabirite. Rhodic Oxisols exhibit strong magnetic attraction due to high contents of ferrimagnetic Fe oxides (maghemite and magnetite) (Costa et al., 1999 (Costa et al., , 2014 Camêlo et al., 2018; Poggere et al., 2018) . These minerals have often been used in studies on pedogenesis Camêlo et al., 2018) for stratification of environments (Ramos et al., 2017) and soil fertility in Brazil and elsewhere in the world.
There are two main processes for the genesis of magnetite and maghemite in soils: the formation of maghemite through aerial oxidation of magnetite inherited from the parent material (lithogenic) (Fontes and Weed, 1991; Camêlo et al., 2018) and the neoformation of maghemite and magnetite from pedogenic Fe oxides in reducing environments under high temperatures (500-1,000 °C). This last process is common in areas under fire events, where magnetic expression is higher in soil surface horizons (Schwertmann and Fechter, 1984; Sousa et al., 2018) . Magnetite can also originate from the process of biogenic mineralization (Maher, 1998; Savian et al., 2017) and maghemite from dehydration and structural rearrangement of ferrihydrite (Barrón and Torrent, 2002; Jiang et al., 2018) .
In soils originating from mafic rocks, maghemite usually originates from aerial oxidation of magnetite inherited from the parent material (Fontes and Weed, 1991; Camêlo et al., 2018) . Therefore, several authors have reported on magnetite predominance in the coarse fractions (sand and silt) and maghemite in the clay fraction (Costa et al., 1999; Carvalho Filho et al., 2015; Camêlo et al., 2018; Poggere et al., 2018) of Fe-rich Rhodic Oxisols in Brazil. However, it is known that both minerals can display distinct soil size fractions or occur in all of them (Causevic et al., 2004; Maxbauer et al., 2016; Silva et al., 2017; Costa et al., 2018) .
Authors have also reported on the difficulty to distinguish magnetite and maghemite by conventional techniques, such as X-ray diffractometry, due to the similarity of the atomic planes of both minerals Camêlo et al., 2018) , as well as Mössbauer spectroscopy, because of differing degrees of magnetite oxidation in soils (Singer et al., 1995) . On the other hand, Raman spectroscopy is considered a fast and accurate tool for the identification of these minerals in soils (Hanesch, 2009; Sousa et al., 2018) ; nevertheless, it is still little used on magnetic Rhodic Oxisols.
As magnetite and maghemite can have different stability degrees (Sidhu et al., 1980) , influencing magnetic susceptibility, and reserve of trace elements in soils (Camêlo et al., 2018) , we believe that accurate differentiation of these minerals allows a better understanding of pedological, magnetic, and geochemical aspects of soils with direct implications on agricultural and environmental management. Therefore, this study aimed to characterize mineralogically Fe-rich Rhodic Oxisols originating from several mafic rocks in Brazil, and assess the implications on their magnetic and geochemical properties.
MATERIALS AND METHODS

Soil sampling and characterization procedures
We collected Bw horizons samples of 12 Fe-rich Rhodic Oxisols (Latossolos Vermelhos) originating from mafic rocks (8 basalt, 2 tuffite, 1 diabase, and 1 itabirite) in Brazil at the layer of 0.80-1.00 m (Figure 1) . The samples were air-dried, gently crumbled, and sieved through 2 mm mesh to obtain the air-dried fine earth fraction (ADFE). For the taxonomic classification of soils, we determined particle size composition, particle density, pH(H 2 O and KCl 1 mol L -1 ), exchangeable Ca and Mg, Na, K, and P extracted with Mehlich-1, exchangeable Al, and potential acidity (H+Al) in ADFE (Teixeira et al., 2017) . Rev Bras Cienc Solo 2019; 43:e0190065 The ADFE was submitted to dispersion with NaOH 0.1 mol L -1 and mechanical shaking at slow speed (50 rpm) for 16 h to separate the sand fraction (2-0.05 mm) by sieving and silt (0.05-0.002 mm) and clay (<0.002 mm) fractions by sedimentation, according to the Stokes' law (Jackson, 1979) . The sand magnetic fraction (SMF) was separated by a manual permanent magnet and subjected to successive washes with distilled water. All fractions were dried in a forced air circulation oven at 45 °C. 
Mineralogical analyses
X-ray diffraction
Minerals in the sand, silt, and clay fractions were analyzed by X-ray diffractometry (XRD) in an equipment X'PERT PRO PANALYTICAL model with CoKα radiation and graphite monochromator operated at 40 kV and 40 mA, and scanning from 4 to 70 °2θ, at 0.02 °2θ/3s steps. The sand and silt fractions were randomly oriented on excavated slides (powder), while the clay fraction was oriented by smear.
Iron oxides were concentrated in the clay fraction after treatment with an alkaline solution (NaOH 5 mol L -1 ) (Norrish and Taylor, 1961) . The concentrates were then macerated in an agate mortar with 10 % NaCl (internal standard), randomly oriented, and analyzed in an equipment SHIMADZU XRD model 6100 with CuKα radiation and graphite monochromator, operated at 40 kV and 40 mA, and scanning from 15 to 70 °2θ, at 0.02 °2θ/5s steps.
The contents and crystallographic parameters of Fe oxides were determined through Rietveld refinement of XRD patterns, using software RIETICA 4.2 (Hunter and Howard, 2000) and crystallographic database of MINCRYST. The refinement consisted of a polynomial function to the baseline, the peaks were set through the pseudo-Voigt model and the angle parameters of Bragg U, V, and W to calculate the width at half height (WHH), where WHH = (Utan 2 θ + Vtanθ + W) 1/2 (Caglioti et al., 1958) . The refinement quality was evaluated by the R exp index (Young, 1995) , where values up to 20 are considered acceptable (Poggere et al., 2018) .
The mean crystal size (MCS) was calculated from WHH of XRD peaks 110 and 111 of goethite (Gt), 104, 110, and 012 of hematite (Hm) and 220 and 400 of maghemite (Mh) using equation 1, proposed by Scherrer (Klug and Alexander, 1974) , with WHH correction established by equation 2 (Melo et al., 2001) .
Eq. 1
In which: K = constant (0.9) λ = wavelength of radiation CuKα 57.3 = conversion factor of degrees to radians WHH( hkl ) = diffraction studied (at °2θ) corrected by equation 2, as follows: (Schulze, 1984) Eq. 3
Rev Bras Cienc Solo 2019;43:e0190065 IS Hm = 31.09 -6.17 × a 0 , being a 0 = 2 × d 110 (Schwertmann et al., 1979) Eq. 4 IS Mh = (0.8343 -a 0 )/2.22 × 10 -4 Eq. 5
In which a 0 was obtained from Rietveld refinement (Schwertmann and Fechter, 1984, adapted) .
Raman spectroscopy
The surface of SMF grains was photographed using an optical microscope and then the Raman spectra were obtained in selected regions using an equipment MicroRaman InVia Renishaw model equipped with diode laser for excitation at 785 nm. After equipment calibration with Si internal pattern, the Raman spectra were obtained with objective lens 50 x (long) and laser power of 0.08 mW, with spatial resolution in the sample of approximately 1 µm. The spectra underwent adjustment of the baseline and deconvolution in Lorentzian with the aid of software Peakfit 4.12. The RRUFF project database, Bersani et al. (1999) , Gasparov et al. (2000) , and Chamritski and Burns (2005) were used to identify vibrational modes in the Raman spectra.
57
Fe Mössbauer spectroscopy
The Mössbauer spectra of sand and clay fractions were obtained at room temperature (approximately 298 K) using a conventional Mössbauer spectrometer in gamma-ray transmission geometry, with a constant acceleration of a source of 57 Co in Rh matrix and approximately 50 mCi of activity. The isomeric dislocations were offset in relation to αFe at room temperature, using a calibration standard of Doppler speed range. The data were adjusted using a least-squares algorithm via software WinNormos™ for Igor™ Pro 6.1.
Magnetic analyses
Volumetric magnetic susceptibility (κ, dimensionless) at low (κ lf ) (0.47 kHz) and high frequency (κ hf ) (4.70 kHz) were determined in the ADFE and in different particle size fractions using the MS2 Bartington system coupled to the MS2B sensor. The magnetic susceptibility per unit of mass (χ lf , 10 -8 m 3 kg -1 ) and frequency dependent on magnetic susceptibility (χ fd , %) were calculated by equations 6 and 7, respectively (Dearing, 1999) :
The χ lf values of the ADFE were also estimated by the sum of products of sand, silt, and clay contents and their respective χ lf values according to equation 8:
χ lf(ADFEest) = ∑ [content of particle size fraction (g kg -1 ) × χ lf / 1000] Eq. 8
Geochemical analyses
Iron, Al, Ti, and Si contents in the ADFE were extracted by sulfuric digestion procedure (Teixeira et al., 2017) . Iron contents associated with iron oxides were also determined in the clay fraction after five extractions with sodium citrate-bicarbonate-dithionite (Fe d ) (Mehra and Jackson, 1960) , and only one extraction with acid ammonium oxalate (Fe o ) (McKeague and Day, 1966) . Iron contents extracted from clay fraction with H 2 SO 4 1.8 mol L -1 (Fe sulf ) (Schwertmann and Fechter, 1984) were related to the time when clay fraction residues reached χ lf <10 % of the value before extraction. This is an adaptation of the method proposed by Schwertmann and Fechter (1984) , as performed by Poggere et al. (2018) . The elements obtained by extractors were quantified by atomic absorption spectrometry.
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Trace elements (TE) Co, Cu, Ni, V, Zn, Mn, and Cr were extracted from the ADFE fractions, sand, silt, clay, and SMF with ternary mixture of strong acids (nitric, perchloric, and hydrofluoric) (Teixeira et al., 2017) and quantified by inductively coupled plasma optical emission spectrometry (ICP-OES). The TE values were also estimated by the sum of products of sand, silt, and clay contents and their respective TE contents, as shown in equation 9. TE (ADFEest) = ∑ [content of particle size (g kg -1 ) × TE/1000] Eq. 9
RESULTS
Mineralogical characteristics of soils
The mineralogical composition of Fe-rich Rhodic Oxisols (Latossolos Vermelhos) was homogeneous, with XRD peaks indicative of quartz (Qz), ilmenite (Il), anatase (An), rutile (Rt), magnetite/maghemite (Mt/Mh), kaolinite (Ka), gibbsite (Gb), hematite (Hm), goethite (Gt), and eventually traces of illite (Ili) (Figures 2, 3 , and 4). In the sand fraction, the XRD peak 100 of Qz showed the highest intensity, except for soils LV 7 , LV 9 , LV 10 , and LV 11 . The XRD peak 104 of Il was only observed in soils LV 3 (diabase) and LV 5 (basalt), whereas An was identified in all soils, with XRD peak 101 more intense in soils originating from tuffite (LV 1 and LV 7 ). The XRD peaks 311 and 220 of Mt/Mh were more Figure 2. X-ray patterns from sand fraction (powder method) of the soils. Ka: kaolinite; Gb: gibbsite; Qz: quartz; An: anatase; Hm: hematite; Mh: maghemite; Mt: magnetite; and Il: ilmenite. Numbers between parentheses correspond to distance between adjacent planes in nanometers (nm) expressed in three decimal places. LV 1 , LV 3 , LV 4 , LV 5 , LV 6 , LV 8 , LV 9 , LV 10 , and LV 11 : Rhodic Hapludox; LV 2 , LV 7 , and LV 12 : Rhodic Acrudox.
Rev Bras Cienc Solo 2019;43:e0190065 intense in soils LV 1 and LV 7 , both formed on tuffite. The XRD peaks indicative of Ka, Gb, and Hm were also identified in the sand fraction of most soils. The same minerals were identified in the silt fraction, differing only by XRD peaks 110 of Rt little expressive in most soils (LV 1 , LV 2 , LV 5 , LV 8 , LV 9 , LV 10 , LV 11 , and LV 12 ) ( Figure 3 ). In general, the intensity of XRD peaks of Mt/Mh did not differ significantly between coarse fractions (sand and silt); however, in the silt fraction of soils LV 2 , LV 3 , LV 5 , and LV 8 , the XRD peak 220 of these minerals was inexpressive.
Kaolinite, Gb, An, Hm, Mh, Gt, and Ili were identified in the clay fraction ( Figure 4 ). The XRD peaks 001 and 002 of Ka stood out in most samples, except in soils LV 2 , LV 6 , and LV 7 . The XRD peaks indicative of Gb were not observed in soil LV 12 . In soils LV 2 , LV 4 , LV 6 , and LV 7 , the XRD peak 002 of Gb showed higher intensity than XRD peak 001 of Ka. Although present in all soils, the XRD peak 101 of An also showed the highest intensity in the clay fraction of tuffite soils (LV 1 and LV 7 ). The Hm was identified in all soils through XRD peaks 104 and 110, while XRD peak 110 of Gt was observed only in soils LV 1 , LV 2 , LV 3 , LV 4 , LV 5 , LV 6 , and LV 7 . The XRD peaks 311 and 220 of Mh were also identified in the clay fraction of all soils. The XRD peak 001 of Ili was observed only in LV 1 .
The Rietveld refinement of XRD patterns of Fe oxides concentrates (Figures 5 and 6) showed great range in contents of Hm (255.8 and 748.3 g kg -1 ), Gt (120.0 to 591.9 g kg -1 ), Mh (18.7 and 71.5 g kg -1 ), and An (0 and 324.1 g kg -1 ) of soils (Table 1) Figure 3. X-ray patterns from silt fraction (powder method) of the soils. Ka: kaolinite; Gb: gibbsite; Qz: quartz; An: anatase; Hm: hematite; Gt: goethite; Mh: maghemite; Mt: magnetite; Rt: rutile; and Il: ilmenite. Numbers between parentheses correspond to distance between adjacent planes in nanometers (nm) expressed in three decimal places. LV 1 , LV 3 , LV 4 , LV 5 , LV 6 , LV 8 , LV 9 , LV 10 , and LV 11 : Rhodic Hapludox; LV 2 , LV 7 , and LV 12 : Rhodic Acrudox.
Rev Bras Cienc Solo 2019;43:e0190065 ratio was variable with higher Hm contents for soils LV 3 , LV 4 , LV 8 , LV 9 , LV 10 , LV 11 , and LV 12 . The An contents were higher than Hm levels in soils LV 1 (324.1 g kg -1 ) and LV 7 (320.1 g kg -1 ) and showed a positive correlation with Ti s contents (r = 0.61, p<0.05, n = 12). The refinement of magnetic mineralogical phases showed no good settings (lower R exp ) with Mt, indicating, therefore, inexpression or absence of this mineral in the soil clay fraction.
The interplanar distance (d) from Gt, Hm, and Mh showed homogeneous values among soils (data not shown), while the MCS was variable ( Table 2 ). The MCS ratios ranged from 0.64 to 2.88 in Gt, from 1.03 to 2.55 in Hm, and from 0.51 to 1.31 in Mh. The dimension a values of Mh ranged from 0.831 and 0.833 nm. The Rietveld refinement process also highlighted the presence of Mh with tetragonal crystal system in all soils. Isomorphic substitution of Fe by Al ranged from 0.155 to 0.287 mol mol -1 in Gt, from 0.067 to 0.177 mol mol -1 in Hm, and from 0.059 to 0.144 mol mol -1 in Mh. According to the Hm/(Hm+Gt+Mh), Gt/(Hm+Gt+Mh), and Mh/(Hm+Gt+Mh) ratios, the minerals Hm, Gt, and Mh represent, on average, 54, 41, and 5 % of the total of pedogenic Fe oxides, respectively ( Table 1) .
Surfaces of ferrimagnetic particles in SMF presented a pattern of black and yellow-reddish colors (Figures 7a, 7b, and 7c ). In the black regions, the Raman Hm: hematite; Gt: goethite; Mh: maghemite; and Ili: illite. Numbers between parentheses correspond to distance between adjacent planes in nanometers (nm) expressed in three decimal places. LV 1 , LV 3 , LV 4 , LV 5 , LV 6 , LV 8 , LV 9 , LV 10 , and LV 11 : Rhodic Hapludox; LV 2 , LV 7 , and LV 12 : Rhodic Acrudox.
Rev Bras Cienc Solo 2019;43:e0190065 spectra showed vibrational modes in 229 (A 1g ), 249 (E g ), 295 (E g ), 302 (E g ), 414 (E g ), 500 (A1 g ), and 615 cm -1 (E g ) corresponding to Hm, and bands ranging from 665 to 678 cm -1 and from 699 to 718 cm -1 related to vibrational modes A 1g of Mt and Mh, respectively (Hanesch, 2009; Jubb and Allen, 2010; Letti et al., 2017; Sousa et al., 2018) (Figures 7d, 7e, and 7f ). In the yellow-reddish areas, strong flowering did not allow identification of vibrational modes.
The Mössbauer spectra of sand and clay fractions are usually dominated by sextets attributable to Hm (ideal formula αFe 2 O 3 ) and Mh (ideal formula γFe 2 O 3 ), in addition to central duplets attributable to Fe 3+ and Fe 2+ in Il (FeTiO 3 ) ( Figure 8 ; corresponding hyperfine parameters in tables 3 and 4). The central duplet of Fe 3+ could be alternatively assigned to paramagnetic Fe of silicate minerals, or Fe oxides finely divided that show superparamagnetism at room temperature. Sextets attributable to Mt (Fe 3 O 4 ) were identified only in the sand fraction of soils LV 7 and LV 11 , indicating high oxidation degree of this mineral, since the relationship between the subspectral areas of Fe in octahedral and tetrahedral coordination sites {Fe}/[Fe] were 0.45 for LV 7 and 1.12 for LV 11 .
Magnetic properties of soils
The χ lf values varied considerably in the ADFE fractions (2,328 -13,464 × 10 -8 m 3 kg -1 ), sand (808 -13,656 × 10 -8 m 3 kg -1 ), silt (2,000 -14,987 × 10 -8 m 3 kg -1 ), and clay (2,676 -10,799 × 10 -8 m 3 kg -1 ) ( Table 5 ). Tuffite soils (LV 1 and LV 7 ) presented the highest 20 An (004) Mh (400) Hm (018) An (211) An (200) Mh (220) Hm (113) Hm (012) Hm (300) Hm (214); Mh (440) Hm (024) Hm (116) Gt (111) Gt (110) An (101) Hm (110); Mh (311) Hm (104); Gt (130) NaCl (220) NaCl (200) 20 Gt (110) NaCl (220) Hm (300) Hm (214); Mh (440) Hm (018) An (211) Hm (116) Hm (024) An (200) Mh (400) Hm (113) An (004) Gt (111) Hm (110); Mh (311) Hm (104); Gt (130) NaCl (200) Mh (220) An (101) Hm (012 Figure 5. X-ray patterns from clay fraction (powder method) of the soils after alkaline treatment with NaOH 5 mol L -1 . Gt: goethite; Hm: hematite; An: anatase; Mh: maghemite; and NaCl: halite (internal standard used). LV 1 , LV 3 , LV 4 , LV 5 , LV 6 , LV 8 , LV 9 , LV 10 , and LV 11 : Rhodic Hapludox; LV 2 , LV 7 , and LV 12 : Rhodic Acrudox. Figure 6 . Selected X-ray pattern adjustments by Rietveld refinement method in the clay fraction after alkaline treatment with NaOH 5 mol L -1 . Soils LV 6 and LV 10 . χ lf values in the ADFE followed, in descending order, by basalt, itabirite, and diabase, with exception to basalt soils LV 2 and LV 12 , whose χ lf values were lower than of diabase (LV 3 ). Higher χ lf values are commonly found in sand and silt fractions, and are positively correlated with clay contents, with r = 0.75 (p<0.01, n = 12) and r = 0.86 (p<0.01, n = 12), respectively.
The clay fraction contributed to most of χ lf measured in the ADFE (Figure 9a ), and the χ lf values measured and estimated in the ADFE are significantly correlated (Figure 9b ). The χ fd values also showed notable variations in the ADFE (4.2-12.8 %), sand (0.6-8.0 %), silt (2.6-12.4 %), and clay (13.3-19.1 %) fractions (Table 5 ). Soil LV 1 presented the lowest χ fd value, and the other soils have χ fd values close to the average of 9.7 %. In general, the χ fd values increase in clay > silt > sand fractions.
Geochemical properties of soils
With Ki values below 2.0 and according to Fe s contents (Table 6) , Fe-rich Rhodic Oxisols were classified as mesoferric (80 g kg -1 ≤ Fe 2 O 3 < 180 g kg -1 ; LV 12 ), ferric (180 g kg -1 ≤ Fe 2 O 3 < 360 g kg -1 ; LV 1 , LV 3 , LV 4 , LV 5 , LV 6 , LV 8 , LV 9 , LV 10 , and LV 11 ) and perferric (Fe 2 O 3 >360 g kg -1 ; LV 2 and LV 7 ) (Santos et al., 2018) . The Fe s contents are significantly correlated with the χ lf values of ADFE (r = 0.67, p <0.01, n = 12), sand (r = 0.57, p<0.05, n = 12), silt (r = 0.66, p<0.01, n = 12), and clay (r = 0.82, p<0.01, n = 12) fractions. The Ti s contents (expressed in oxides) ranged from 16.2 to 111.9 g kg -1 , with the highest values observed in soils LV 1 and LV 7 , derived from tuffite. Conversely, the soil originated from itabirite (LV 2 ) presented the lowest Ti s value.
Iron contents relating to pedogenic Fe oxides ranged from 98.3 to 183.0 g kg -1 for Fe d , from 42.5 to 115.2 g kg -1 for Fe sulf , and from 3.5 to 8.9 g kg -1 for Fe o . The values of Fe o /Fe d ratio were below 0.05, while for Fe d /Fe s ratio, the lowest value found was 0.57 (LV 2 ). The average values of Fe sulf /Fe d (0.59) and Fe sulf /Fe s (0.45) indicate strong Fe sulf contribution on total contents of Fe d and Fe s . The Fe d (r = 0.50, p<0.05, n = 12), Fe sulf (r = 0.77, p<0.01, n = 12), and Fe o (r = 0.65, p<0.05, n = 12) showed positive correlation with χ lf in the clay fraction. The χ fd in the clay fraction showed no significant correlation with the contents of clay and Fe d ; however, χ fd showed a negative correlation with the Fe sulf contents (r = -0.52, p<0.05, n = 12). (1) MCS ratios: A = MCS Gt110 /MCS Gt111 , B = (MCS Hm110 × 0.72)/(MCS Hm012 × 0.59), and C = MCS Mh220 /MCS Mh400 .
(2) Unit cell parameter (dimension a) for cubic Mh estimated by Rietveld refinement. n.d: not detected; LV 1 , LV 3 , LV 4 , LV 5 , LV 6 , LV 8 , LV 9 , LV 10 , and LV 11 : Rhodic Hapludox; LV 2 , LV 7 , and LV 12 : Rhodic Acrudox.
The total contents of trace elements (TE) showed wide variations in all studied fractions ( Figure 10 ). The highest TE contents were found in coarse fractions, mainly in the SMF fraction, followed by sand and silt fractions. Soils LV 1 (12,060 mg kg -1 , tuffite), LV 12 (10,784 mg kg -1 , basalt), and LV 5 (10,777 mg kg -1 , basalt) showed the highest TE contents in SMF. The total TE contents in the ADFE showed significant correlation with the Ti s contents (r = 0.69, p<0.05, n = 12) and not significant with the Fe s contents (r = -0.10, p<0.05, n = 12). However, when we exclude the itabirite soil (LV 2 ), this correlation with Fe s becomes significant (r = 0.61, p<0.05, n = 11). Similarly, TE contents in the ADFE are significantly correlated with the χ lf values in ADFE (r = 0.58, p<0.05, n = 11), sand (r = 0.56, p<0.05, n = 11), silt (r = 0.58, p<0.05, n = 11), and clay (r = 0.50, p<0.05, n = 11) fractions. In addition, TE contents in the clay fraction also showed significant correlation with those in coarse fractions, sand (r = 0.87, p<0.01, n = 12), silt (r = 0.74, p<0.01, n = 12), and SMF (r = 0.73, p<0.01, n = 12). In soils LV 1 , LV 4 , LV 5 , LV 6 , LV 7 , LV 9 , and LV 11 , TE are predominantly from sand and silt fractions (Figures 11a and 11b) . 
DISCUSSION
Mineralogical study
The mineralogical composition of soils was consistent with reports of other authors regarding Fe-rich Rhodic Oxisols (Latossolos Vermelhos) derived from mafic rocks (Costa et al., 2014; Carvalho Filho et al., 2015; Camêlo et al., 2018; Poggere et al., 2018) . Regardless of the particle size, the XRD analysis was not efficient in differentiating the ferrimagnetic Fe oxides, Mt, and Mh, because they present very similar XRD peaks, limiting an accurate identification Camêlo et al., 2018) . Anatase is an important Ti-source in soils of mafic rocks, especially in those originating from tuffite, and its origin is probably associated with Il weathering, primary mineral found in coarse fractions (Costa et al., 2014) . The stability of microaggregates of Fe-rich Rhodic Oxisols favored the permanence of minerals of the clay fraction, such as Ka, Hm, Gb, and Gt, also in coarse fractions even after the chemical and mechanical dispersion procedures, as noted by Camêlo et al. (2018) .
In Fe-rich soils, the XRD peak intensity 110 of Hm is usually higher than the XRD peak 104 of this mineral (Costa et al., 1999; Camêlo et al., 2018) . This is due to the overlap of XRD peak 311 of Mt/Mh in coarse fractions (sand and silt) and Mh in the clay fraction. (1) Pipette method (Teixeira et al., 2017) ;
(2) Method described in Dearing (1999) . LV 1 , LV 3 , LV 4 , LV 5 , LV 6 , LV 8 , LV 9 , LV 10 , and LV 11 : Rhodic Hapludox; LV 2 , LV 7 , and LV 12 : Rhodic Acrudox. The inexpressiveness of XRD peaks of Gt in the clay fraction reflects the strong dilution suffered by this Fe oxide in detriment to others, since after treatment with NaOH 5 mol L -1 , the XRD peaks of Gt were easily identified in all soils. The presence of Ili in the clay Figure 10 . Total trace element contents determined for ADFE, sand, silt, clay, and sand magnetic fraction of the soils. LV 1 , LV 3 , LV 4 , LV 5 , LV 6 , LV 8 , LV 9 , LV 10 , and LV 11 : Rhodic Hapludox; LV 2 , LV 7 , and LV 12 : Rhodic Acrudox.
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As noted by Camêlo et al. (2017) , the MCS ratio values indicated the occurrence of soils with Gt in different ways, isodimensional and acicular, and Hm placoids. Regarding Mh, Eggleton (1988) reported that variations in the crystalline system (cubic or tetragonal) are caused by the location of voids in the structure. If voids are orderly distributed, the Mh will show a tetragonal structure; if they occur randomly, the Mh will be cubic. Magnetite particle size might also contribute to the change of the Mh structure in soils. Magnetite in the sand fraction are generally more stable and undergo oxidation slowly, hence voids in the octahedral sites are probably ordered and the Mh formed is tetragonal. On the other hand, Mt in the silt fraction are less stable and rapidly oxidized, providing randomness to the distribution of voids and formation of cubic Mh as confirmed from the better adjustment by Rietveld refinement method. Although tetragonal Mh is inexpensive according to the Rietveld refinement, the MCS Mh220 /MCS Mh400 ratio values more distant from one indicate coexistence of both structures, with predominance of cubic Mh for certain soils, as noted by Camêlo et al. (2017) .
Dimension a values were close to the expected for cubic Mh (a = 0.8350 nm) (Eggleton, 1988) , consistent with values estimated after Rietveld refinement by Poggere et al. (2018) .
The values indicate heterogeneity in Mh particle size, which is mainly conditioned by the IS process in the crystal structure (Schulze and Schwertmann, 1984; Batista et al., 2013) . According to the values of dimension a (<0.8329 nm) and MCS Mh220 (<31 nm), the Mh presents high IS (Batista et al., 2013) . Since ferrimagnetic particle size determines the type of magnetic behavior, the Mh showed superparamagnetic behavior (<30 nm), which explains the high values of dependent frequency χ fd (>14 %) (Dearing, 1999) . In the soils LV 2 and LV 10 , Mh particles with single domain probably coexist (30-200 nm) (Poggere et al., 2018) .
The IS values in Gt and Hm are within the range expected for highly weathered soils (Carvalho Filho et al., 2015; Camêlo et al., 2017) . The values confirm that Gt can accommodate more Al in its structure as compared to Hm. Generally, Hm presents approximately half of IS values of Gt (Singh and Gilkes, 1992) . The quantitative analysis of minerals in the clay fraction is consistent with the results obtained by other authors (Carvalho Filho et al., 2015; Camêlo et al., 2017; Poggere et al., 2018) . Our study, similar to Poggere et al. (2018) , did not identify Mt in the clay fraction of Rhodic Oxisols originating from mafic rocks. The Mh contents did not exceed the other pedogenic Fe oxides, although some studies have reported higher contents for Hm and Gt of Fe-rich Rhodic Oxisols (Carvalho Filho et al., 2015; Camêlo et al., 2017) .
The SMF showed weathering features in ferrimagnetic particles and coexistence of Mt, Mh, and Hm in a single grain. Thus, Mt particles probably inherited from the parent material are transformed into Mh and Hm progressively via aerial oxidation during the weathering of soils (Fontes and Weed, 1991) . The change of Mt-Mh-Hm phases by thermal induction can be disregarded because the Raman spectra were obtained with less laser power than required to induce this phenomenon (Jubb and Allen, 2010; Sousa et al., 2018) . In contrast, the Mössbauer spectra indicated that Mh is the only ferrimagnetic Fe oxide in the sand fraction of most soils, with the exception of LV 7 and LV 11 , where highly oxidized Mt traces, {Fe}/[Fe] lower than 1.88 (Vandenberghe et al., 2000) , were identified. Silva et al. (2017) also observed only Mh in Oxisols with spontaneous magnetism investigated by the Mössbauer spectroscopy.
According to Singer et al. (1995) , the Mössbauer spectroscopy is inefficient to differentiate highly oxidized ferrimagnetic particles in soils. This limitation is related with the interstratification process, which allows the coexistence of Mt, Mh, and Hm in a single ferrimagnetic particle. Possibly, the use of Mössbauer spectroscopy in γ-rays transmission and conversion electrons enables a more detailed observation of the oxidation surface layer in ferrimagnetic particles of the sand fraction. A residual fraction of Mt would remain protected in internal part of magnetic grains, and the oxidized external layer is primarily composed by Mh. The use of two Mössbauer geometries should be highly suitable to solve this matter.
Magnetic study
The χ lf values are consistent with those observed by other authors for Fe-rich Oxisols Rhodic in Brazil derived from mafic rocks (Costa et al., 1999; Ramos et al., 2017; Camêlo et al., 2018) . Their variations are mainly related to the type of parent material (Lu, 2000; Camêlo et al., 2018) and pedogenesis (Hanesch et al., 2007; Lu et al., 2008; Camêlo et al., 2018) , as well as pedoenvironmental conditions (Lu, 2000; Poggere et al., 2018; Camêlo et al., 2018) .
Iron-rich Rhodic Oxisols originating from tuffite, itabirite, basalt, and diabase, with expressive χ lf , are common due to the abundance of ferrimagnetic Fe oxides inherited from these rocks during the weathering (Costa et al., 1999; Lu, 2000; Oliveira et al., 2000; Costa et al., 2014; Camêlo et al., 2018) . The LV 7 (tuffite) showed χ lf prominently above all other soils. Due to its high chemical and mineralogical heterogeneity (Fabris et al., 1997) , tuffite can originate soils with high χ lf reaching much higher values than those on other mafic rocks, as also noted by Camêlo et al. (2018) . On the other hand, the range of χ lf values for Fe-rich Rhodic Oxisols indicates that generalizations between the magnetic properties and the parent material type of soils should be avoided because of the variable ferrimagnetic mineral contents in mafic rocks and addition of diamagnetic mineral components to the soil during pedogenesis (Costa et al., 2014; Ramos et al., 2017; Camêlo et al., 2018) .
In Fe-rich Rhodic Oxisols, high χ lf values in coarse fractions (sand and silt) are certainly caused by the predominance of ferrimagnetic lithogenic particles (Costa et al., 1999; Camêlo et al., 2018) . However, we observed that the clay fraction contributes, proportionally, with most χ lf in soils, as its value results from proportion and specific magnetic behavior of minerals (Dearing, 1999) . Therefore, the clay fraction in most soils contributes to more than 50 % of the χ lf value in the ADFE and thus is mainly responsible for magnetic properties of the studied soils. Conversely, Camêlo et al. (2018) stated that coarse fractions still exert a dominant influence on magnetic properties of some Fe-rich Rhodic Oxisols developed from mafic rocks in Minas Gerais, Brazil. The soils in our work possibly have a higher degree of pedogenetic development in terms of ferrimagnetic Fe oxides.
The χ fd values in sand and silt fractions show a mixture of ferrimagnetic particles with different magnetic behavior (Dearing, 1999) . The particle sizes in these fractions (0.053-2 mm) indicates predominance of multidomain (MD) ferrimagnetic particles, although χ fd of up to 12.4 % in the silt fraction (LV 12 ) was found. We believe that high-stability of microaggregates, common in Fe-rich Rhodic Oxisols (Camêlo et al., 2018) , are responsible for the presence of particles with different types of magnetic behavior in coarse fractions. In the clay fraction, the χ fd values (>13.3 %) suggest that more than 75 % of ferrimagnetic particles display superparamagnetic (SP) behavior (Dearing, 1999) . Poggere et al. (2018) , in addition to highlighting dominance of SP particles, also detected single-domain particles (SD), pseudo-simples domain (SPD), and MD in soils. According to Peters and Dekkers (2003) , Mh and Hm aggregates in Fe-rich Rhodic Oxisols can affect the manifestation of magnetic behavior of particles; similarly, the disturbances in the structure of the ferrimagnetic mineral, such as IS in Mh or even an increase of fine antiferromagnetic particles (Nedelkoski et al., 2017) . Heterogeneity in the magnetic behavior of ferrimagnetic particles in the clay fraction (Poggere et al., 2018) and conversion of Mh into Hm (Jiang et al., 2018) assures χ fd from being an indicator of pedogenesis to soils derived from mafic rocks.
Geochemical study
The low values of Ki index associated with high Fe s contents confirmed the mafic nature of the soil's parent materials (Carvalho Filho et al., 2015; Camêlo et al., 2017; Poggere et al., 2018) . In Oxisols, pedogenic Fe oxides are dominantly crystalline (Fe o /Fe d ≤0.06) (Camêlo et al., 2017; Poggere et al., 2018) . These authors also highlight Fe d /Fe s values lower than 0.8, as observed in LV 2 , LV 4 , LV 6 , LV 7 , LV 9 , LV 10 , and LV 11 . Due to the presence of lithogenic Fe phases, which would be Fe-source in sand and silt fractions, and high IS in pedogenic Fe oxides, especially in Gt, low Fe d /Fe s ratios can be observed.
Several authors have used the Fe sulf content to estimate Fe originating from Mh in soils (Schwertmann and Fechter, 1984; Costa et al., 1999; Camêlo et al., 2017; Poggere et al., 2018) . The Fe sulf /Fe d and Fe sulf /Fe s ratio values indicate that Mh is the main pedogenic Fe oxide of soils, in contrast to Mh contents estimated through the Rietveld refinement. These results reflect the contribution of other mineral phases, such as Hm and Gt, on Fe sulf content, as reported by Camêlo et al. (2017) and Poggere et al. (2018) , even when the dissolution time is set according to χ lf . Thus, significant correlations between the Fe contents (Fe s , Fe d , Fe o , and Fe sulf ) and χ lf are related to the strong influence of the parent material (Lu, 2000; Hanesch et al., 2007; Camêlo et al., 2018) . On the other hand, correlation between Ti s contents and χ lf values can indicate both the occurrence of Ti-magnetic phases and the efficiency of this element in distinguishing magnetic soils on basic rocks (Fabris et al., 1997; Camêlo et al., 2017) .
The total TE contents in Fe-rich Rhodic Oxisols are directly associated to ferrimagnetic Fe oxides; the proportion and magnetic behavior of these minerals reflect the influence of the parent material and pedogenesis Costa et al., 2014; Camêlo et al., 2018) . Tuffite, basalt, and diabase originated soils richer in TE compared to the itabirite soil (LV 2 ), it is consequence of a bedrock formed through metamorphism of sediments rich in Fe and quartz in a poor ionic environment (Costa et al., 2014; Camêlo et al., 2018) . The contrast of total TE contents in tuffite and basalt soils was also observed by Camêlo et al. (2018) , and demonstrates that the distribution of these elements in the parent material, especially in tuffite, is heterogeneous and influenced by pedoenvironmental conditions (Marques et al., 2004) .
The highest total TE values found in SMF, sand, and silt reflect the predominant lithogenic influence on Fe oxides, and in the clay fraction, the lowest values indicate the domain of pedogenic phases Camêlo et al., 2018) . The decrease in particle size leads to losses of these elements in mineral structure during the transformation processes. In addition, the neoformation of secondary minerals occurs in a poorer ionic environment than that in primary basic rocks (Camêlo et al., 2018) . Although lithogenic Fe oxides have higher TE amounts in their structure, it does not mean that sand and silt fractions represent the largest compartments of these elements in the soil. Estimated total TE contents in the ADFE showed that in LV 2 , LV 3 , LV 8 , LV 10 , and LV 12 , the clay fraction can contribute with total TE values greater than 50 % (Figures 9a and 9b) . Magnetite tends to contribute most of the total TE contents in magnetic Rhodic Oxisols (Camêlo et al., 2018) ; however, the availability of these elements in the soil solution seems to be controlled by superparamagnetic maghemite, since the smaller particle size would increase its instability (Liu et al., 2010) , and possibly its dissolution rate. In contrast, Camêlo et al. (2018) stress that Fe-rich Rhodic Oxisols can have their geochemical attributes still controlled by the parent material, because certain TE seem to be correlated with magnetic minerals, especially those found in coarse fractions. Thus, the authors point out natural replacement of some TE in equilibrium reactions of the soil solution during plant development could be more effective in soils with higher concentrations of magnetic particles in coarse fractions (Camêlo et al., 2018) .
CONCLUSIONS
In Brazilian Fe-rich Rhodic Oxisols originating from mafic rocks, magnetite occurs only in coarse fractions (sand and silt), and as pedogenesis advances, magnetite suffers a reduction of particle size and progressive aerial oxidation, transforming into maghemite and hematite, which concentrate in the clay fraction. Magnetite particles in the silt and sand fractions are highly oxidized (not stoichiometric), characterized by magnetite-maghemite-hematite interstratification. In addition, magnetic susceptibility of these soils can be controlled by both multidomain (magnetite) and superparamagnetic (maghemite) particles, depending on the weathering degree of the ferrimagnetic lithogenic particles. Although the sand and silt fractions generally contain most of the total trace element contents, clay fraction can control the availability of these elements in the soil solution, since the solubility of superparamagnetic maghemites is probably greater than multidomain magnetites in Fe-rich Rhodic Oxisols. We highlight the need for future researches on procedures for efficient dispersion and separation of the granulometric fractions in these soils since it is a problem frequently reported by other authors. 
